Time-dependent motion of localized electrons and holes trapped in a SiO 2 layer is visualized with electrostatic force microscopy. Both negative and positive charges of up to ϳ10 10 e/cm 2 are trapped at a SiO 2 -Si interface in ϳ500-nm-diam area with a voltage stress between the tip and the sample. There is a higher probability for trapped charges to spread out in the plane direction than to de-trap toward the Si substrate. The dynamics is explained with diffusion and drift of the charges induced by Coulombic interaction. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1404404͔
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The performance and reliability of a metal-oxidesemiconductor ͑MOS͒ devices crucially depend on the electronic property of the silicon dioxide. Conventionally, the electronic property has been studied with the current-voltage (I -V) and capacitance-voltage (C -V) measurements. 1 These methods measure the averaged property over the area under the gate electrode in a MOS structure, thus insensitive to the variations in nanoscopic scale. Scanning probe microscopes 2 provide information on geometrical and electrical properties with nanometer resolution. For example, charge-carrier recombination was measured on a Si 3 N 4 film with a scanning force microscope. 3 The charge carriers 4 and their migration on an oxidized silicon surface and the surface potential distribution of an operating pn junction 5 were measured by electrostatic force microscopy ͑EFM͒. A ballistic electron emission microscope was used to determine local fluctuation of an electrical property on SiO 2 films. 6, 7 Trapping and de-trapping dynamics of charges were visualized with a scanning capacitance microscope from spatially resolved C -V curves 8, 9 and EFM. 10, 11 The transport property was also studied by measuring the contact potential difference ͑CPD͒ with EFM. 12, 13 When a charge is trapped on the surface or in the bulk of a dielectric slab grown over a semiconducting or a metallic sample, it tends to decay with time through several mechanisms: ͑1͒ The trapped charge is de-trapped by tunneling toward the conducting layer. The total charge decays exponentially with time by Qϰexp(Ϫt/), where the decay constant is proportional to exp(␣ͱE), where E and ␣ are the energy barrier and a constant. [9] [10] [11] This mechanism was confirmed by performing the decay experiment in which the depth of the trapped charge 9 and thickness of the dielectric slab are varied.
11 ͑2͒ The surface charge also migrates by Ohm's law. In this case, the time-dependent surface potential shows two-phase decay ͑as t Ϫ2 and t Ϫ1 ͒. 13 ͑3͒ The surface charge can migrate due to the diffusion process. The diffusion current is then determined by Fick's law of diffusion, JϭϪDٌn, where J, D, and n are diffusion current, diffusion constant and the charge density. Charge decay of the metallic surface was controlled by the diffusion process not by the conduction process. 12 In this study, the decay of trapped charge is studied using EFM in a SiO 2 /Si system. The observed time dependence can be explained well by a model with the diffusion and the drift of the charge.
In this experiment, EFM is used for the measurement in a noncontact atomic force microscopy ͑NC-AFM͒ mode. An ac (V ac sin t) and a dc voltage (V dc ) are applied to the tip, and the cantilever vibration due to the electrostatic force at the frequency is monitored. The dependent force F() is then proportional to the product of ‫ץ‬C/‫ץ‬z and (V cpd ϩR 1 )V ac , where C, z, V cpd , R 1 , and are the capacitance between the tip and the sample, tip-to-sample distance, the contact potential difference, a constant, and charge density, respectively. In EFM images, the F() is measured by recording the amplitude A() with a lock-in amplifier. We prepared samples with gate oxide utilizing the wellestablished standard process of complementary metal-oxidesilicon. After local oxidation of silicon of 400 nm thickness to form isolation field oxide, a gate-oxide of 25 nm thickness was grown in dry oxygen at 950°C on an p-type Si͑100͒ substrate. In this experiment, topographical atomic force microscopy ͑AFM͒ and electrostatic EFM images are recorded simultaneously. Figure 1 shows three-dimensional ͑3D͒ of NC-AFM and EFM images after a voltage stress by the tip. In these images, 3D topographical images are decorated with corresponding EFM images in gray scale and white lines are drawn to indicate the topography clearly. The positive ͑negative͒ electrostatic force is indicated by gray scale as bright ͑dark͒ area. The field oxide of 400 nm thickness and the 25-nm-thick active gate-oxide area are clearly visible in the AFM image. By applying a voltage stress of Ϯ10 V for 60 s between the probe tip and the substrate in the center of the active area in contact mode, dots of both positive and negative charge can be seen as shown on the upper sides of images in Fig. 1 . In order to confirm the type of trapped charge, a series of EFM image was obtained at different dc sample voltages: Figure  1͑a͒ at Ϫ2 V, Fig. 1͑b͒ at 0 V and Fig. 1͑c͒ at ϩ2 V. Contrast difference between the two active areas of lower side and field oxide area in each EFM image comes from the a͒ Electronic mail: ykuk@phya.snu.ac.kr APPLIED PHYSICS LETTERS VOLUME 79, NUMBER 13 difference in the value of ‫ץ‬C/‫ץ‬z. Since the oxide thickness of the field area is much thicker than at the active area, the ‫ץ‬C(z)/‫ץ‬z value is much larger at the active area than field oxide area. Therefore, stronger positive ͑negative͒ electrostatic force at active areas will be measured at a positive ͑negative͒ sample bias ͓compare Figs. 1͑a͒ and 1͑c͔͒. This image contrast of ‫ץ‬C(z)/‫ץ‬z should not appear at V cpd ϭ0 V as confirmed by Fig. 1͑b͒ . However, with trapped charge, it should appear even at zero sample bias, since it is independent on V cpd ͓Fig. 1͑b͔͒. Therefore, we can conclude the bright ͑dark͒ spot on the active area is positive ͑negative͒ trapped charge. In this experiment, positive ͑negative͒ voltage stress applied to the tip always results in a positively ͑negatively͒ trapped charge, from which we conclude that charge transfer occurs between the tip and the SiO 2 layer, rather than from the Si substrate.
9-11
Figures 2͑a͒ and 2͑b͒ show EFM images at 25 and 74 min after trapping, respectively. The EFM images were obtained with zero sample bias and their line profiles are shown in Fig. 2͑c͒ . The charge spreads out laterally with cylindrical symmetry about the trapping center with time. This can be explained by three scenarios: diffusion and drift of charge in plane direction, and de-trapping into the Si substrate.
To examine the time evolution of the stored charge quantitatively, a single charge dot was written and monitored with time. Since typical imaging time of scanning probe microscopy is about 1 min the dynamical phenomenon of which characteristic time scale is less than 1 min cannot be visualized in the normal scanning mode. As the system has a rotational symmetry about the center of the trapped area, the real-time measurement can be accomplished by performing only one raster scanning across the trap center at each time: This can be accomplished just by driving a scanner only in the raster direction, and it takes only 0.25 s. Figure 3͑a͒ shows the time evolution and the spatial distribution of trapped holes after voltage stress ͑ϩ10 V with respect to sample for 10 s͒. In this image the x axis and y axis indicate distance and measured time, respectively. The measurement begins at 8 s after the voltage stress at zero position in x axis is terminated. The contours in Fig. 3͑a͒ represent 25%, 50%, and 75% of maximum value ͑signal in the center at 0 s͒. The graphical line profiles at 0 ͑i͒, 50 ͑ii͒, 256 ͑iii͒ and 512 ͑iv͒ s are shown in Fig. 3͑b͒ . An EFM signal can be converted to the corresponding CPD value by comparing the EFM signals under known voltage condition, and with a one-dimensional model of the parallel-plate geometry, the induced CPD by the charge underneath the tip can be written as d/⑀ eff , where d and ⑀ eff are the distance between the plates and effective dielectric constant, respectively. 12 The estimated maximum value of the charge density in Fig. 3͑a͒ is about 7ϫ10 10 e/cm 2 . First, the de-trapping process by tunneling into Si substrate is considered. In this case, the quantity of total charge is the main concern, and the decay can be fit to an exponential function with a de-trapping time constant. The total charge at a certain time can be calculated by integrating the measured charge distribution. The trapped charge is found to be conserved with time, indicating that this process can be ignored in our time scale. The estimated de-trapping time constant is at least larger than 10 min.
Second, the charge diffusion along the in-plane direction is considered. In this case, the charge distribution is determined by the continuity equation, ‫ץ‬n/‫ץ‬t ϩٌ•Jϭ0, where J is the charge current density and is determined with Fick's law of diffusion. The charge spread is calculated numerically. In this simulation, the calculated charge distributions up to 512 s ͓iv Fig. 3͑b͔͒ from the initial condition measured at 0 s ͓I in Fig. 3͑b͔͒ with a fitting variable D , the diffusion constant, are compared with the measured results. Figure 4͑a͒ shows the best with Dϭ3.5ϫ10
Ϫ12 cm 2 /s. The contours in 3 . ͑a͒ Real-time evolution of trapped hole distribution after voltage stress ͑ϩ10 V applied to the tip for 10 s at zero point in x axis͒. x axis and y axis indicate the distance and measured time, respectively. Contours represent 25%, 50%, and 75% of maximum value. ͑b͒ The line profiles of charge density at 0 ͑i͒, 50 ͑ii͒, 256 ͑iii͒, and 512 s ͑iv͒. Fig. 4͑a͒ represent 25%, 50%, and 75% of the maximum value. Comparing with the measured contours, a good agreement can be found ͓compare white contours in Fig. 4͑a͒ with those of Fig. 3͑a͔͒ . However, black contour lines in Figs. 3͑a͒ and 4͑a͒ show some difference: The calculated contour has a longer trace than that of the measured one. This behavior indicates that charge spreads out faster at the initial state. In order to resolve this discrepancy, the drift current (ϭenE) due to electric field is added, where and E are mobility and electric field, respectively.
14 In this calculation, the electric field E is due to trapped charge itself and can be calculated by numerical integration from measured charge distribution. The ratio of the drift current to the diffusion current can be explicitly solved assuming Gaussian charge distribution, which reveals that the drift current is comparable to the diffusion current when the charge density is higher than 10 10 e/cm 2 ͑not shown here͒. In this calculation, the total charge is another fitting variable in addition to the diffusion constant. At each infinitesimal time segment, the electric field is calculated from the previous charge distribution and then the current density is calculated, using the ''Einstein relationship'' between D and .
14 After calculation of current density, its variation during the time segment can be obtained. Figure 4͑b͒ shows the best fitting result where Dϭ0.7 ϫ10 Ϫ12 cm 2 /s and total charge is 950 e. Likewise, these contours represent 25%, 50%, and 75% of maximum value (9.5ϫ10 10 e/cm 2 ), respectively. Compared with Fig. 3͑a͒ , an excellent agreement can be found. The difference between measured charge densities and that of the fitting result is within the experimental error. A similar spreading-out phenomenon is observed for trapped electrons ͑black spot in Fig. 1͒ . 15 Although the continuous time random model 16 has been successfully adopted to describe the transport of holes in SiO 2 , further experiments may be needed to describe this experiment in terms of the mechanism: variable temperature experiment and electronic characterization of trap. For a diffusion coefficient of ϳ10 Ϫ12 cm 2 /s, the corresponding mobility is extremely low and the hopping between traps is the mechanism for the conduction in the SiO 2 . The additional transport is not ''drift current'' in the conventional sense. However, the hopping current induced by an external driving force has the form of drift current and the Einstein relationship is still valid in the hopping conduction. 17 One should note that the charge density of ϳ10 10 e/cm 2 always exists even in a state-of-the-art gate oxide and is regarded as a tolerable quantity for device performance, but our observation and calculation show that its effect of Coulombic interaction on transport is not negligible.
In conclusion, we have imaged the distribution of trapped charge in a SiO 2 layer and its diffusion and drift in real time with EFM. The drift current due to Coulombic repulsive interaction of the charge and the diffusion current are considered to explain its dynamics quantitatively, showing the drift current is comparable to the diffusion current if the charge density is an order of 10 10 e/cm 2 .
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